Abstract. To examine the genetic origin of the domestic pig, the distribution of wild boar, and human-mediated translocation of the domestic pig, we collected 223 samples from domestic pigs and wild boars from eight Indonesian islands, sequenced the control region of mitochondrial DNA (mtDNA) from each sample, and compared these sequences with previously determined sequences from East and Southeast Asian domestic pigs and wild boars. Three Sus species (S. scrofa, S. verrucosus, and S. celebensis) were identified on the Indonesian islands. The mtDNA sequences of three Indonesian Sus species were diverse, and they clustered into three lineages with low bootstrap values (an S. scrofa group including East and Southeast Asian domestic pigs and wild boars, a group including indigenous S. scrofa together with S. verrucosus from Sumatra and Java Islands, and an S. celebensis group from Sulawesi Island). The mtDNA haplotypes of S. scrofa wild boars from three (Sumbawa, Flores and New Guinea) islands and domestic pigs from two (Lombok and Timor) islands east of the Wallace Line, and some S. scrofa wild boars from Sumatra and Java Islands were related to Vietnamese pig mtDNA sequences in the East and Southeast Asian domestic pig and wild boar clade, supporting that ancient immigrants likely introduced domestic pigs from the Asian continent to east Indonesian islands. The mtDNA haplotypes of S. celebensis were broadly divided into three groups, which were distributed in the north and southwest areas, central area and southeast area of Sulawesi Island.
drial DNA (mtDNA) analyses provided compelling evidence for independent domestication events in Europe and Asia from S. scrofa wild boars (Watanabe et al. 1985; Giuffra et al. 2000) . Larson et al. (2005) systematically collected modern and ancient DNA samples derived primarily from wild-caught specimens from museum collections, examined mtDNA lineages phylogenetically and revealed that pig domestication from wild boars took place at several sites. Recently, Larson et al. (2010) reported that there are five potential independent domestication sites of indigenous S. scrofa wild boars: one in India; three in peninsular Southeast Asia (including northern Vietnam); and one off the coast of Taiwan. These results indicate that the Southeast Asia peninsula is the main domestication site for Asian domestic pigs.
Independently from Larson's studies (Larson et al. 2005 (Larson et al. , 2007 (Larson et al. , 2010 , we analyzed mtDNA samples of S. scrofa from Japan and neighboring countries, as well as Vietnam, from 2003 to 2005 in order to explore the genetic origin of domestic pigs (Hongo et al. 2002; Ishiguro et al. 2008a, b) . We also visited several Indonesian islands to collect samples over a 4-year period for the present study. The sequences of mtDNA control regions determined from DNA samples of Indonesian domestic pigs and wild boars were compared with previously determined sequences from East and Southeast Asian domestic pigs and wild boars.
In this study, we examined the mtDNA diversity of domestic pigs and wild boars in Indonesia to trace the genetic origin of the domestic pig. The phylogenetic analysis using the data set suggested that the S. scrofa from Indonesian islands have high mtDNA diversity, and that indigenous wild boars with unique haplotypes inhabited each island. Some mtDNA haplotypes from S. scrofa wild boar samples from Sumbawa, Flores and New Guinea Islands, the islands east of the Wallace Line, and from S. scrofa wild boar samples from Sumatra and Java Islands were closely related to Vietnamese pig mtDNA lineages.
Materials and methods

Samples
Tissue samples (223 total: 37 hair samples from domestic pigs and 186 muscle samples from wild boars) were collected from domestic pigs and wild boars in Table 1 . Sample collection sites are shown in Fig. 1 . Muscle samples from wild boars on each island were obtained from native hunters. Identification of Sus species for each sample was conducted based on morphological information (e.g., body size) provided by native hunters.
DNA extraction and mtDNA analysis
Total DNA was extracted from the 37 hair samples and 186 muscle samples using the DNeasy Tissue kit (Qiagen) according to the manufacturer's instructions. The mtDNA D-loop region (572 to 574 bp) was amplified using two primers, mit112 and mit106 (Watanobe et al. 2003) . PCR products were purified using a QIAquick PCR Purification kit (Qiagen), as described by Ishiguro and Nishimura (2005) . Sequence reaction of the purified PCR products was then performed using two primers (mit11 and mit12) and a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems), followed by automated sequencing on an ABI 310 Genetic Analyzer. Novel control region sequences from this study were deposited in GenBank with Accession Nos. AB564327 to AB564405.
Alignment of DNA sequences and phylogenetic analysis mtDNA sequences (572 to 574 bp) were aligned with haplotypes published previously (Hongo et al. 2002; Watanobe et al. 2003; Ishiguro and Nishimura 2005; Ishiguro et al. 2008a ) using Clustal W (gap opening penalty 15, gap extension penalty 6.66) (Thompson et al. 1994) . Genetic distance was estimated by the proportion (P)-distance method in the MEGA4 (Tamura et al. 2007 ). The corresponding regional sequence of Phacochoerus aethiopicus (Cape and Somali Warthog, AB046876, Okumura et al. 2001 ) was used as an outgroup. Phylogenetic trees were constructed using the neighbor joining (NJ) method (Saitou and Nei 1987) and the maximum parsimony (MP) method in MEGA4. The confidence of each branch in the phylogeny was estimated using 1,000 bootstrap replications (Felsenstein 1985) .
Results
Nucleotide sequence diversity and phylogenetic relationships All wild boars sampled from Sumatra, Java, Sumbawa, Flores and New Guinea Islands were identified as S. scrofa, except for two S. verrucosus individuals from Java Island. All wild boar samples from Sulawesi Island were identified as S. celebensis (Table 1) .
We detected 77 different mtDNA haplotypes in the 223 Indonesian DNA samples. When the 77 mtDNA haplotypes were compared with previously reported mtDNA sequences, the haplotype of sample No. 2007E45, isolated from Lombok Island, was identical to the haplotype M33 from domestic pig (Ishiguro and Nishimura 2005) .
In order to investigate the phylogenetic relationship among the mtDNA haplotypes in the Indonesian Sus samples, an NJ tree was constructed by using pairwise distance matrix calculated by P-distance with the 77 mtDNA haplotypes identified in this study and 81 S. scrofa haplotypes reported previously (Fig. 2) . A nearly identical phylogenetic tree was obtained using the MP method (data not shown). (Table 1) . Some mtDNA haplotypes of wild S. scrofa samples from Java and Sumatra Islands clustered with the indigenous wild boar groups in each island (Fig. 2) . The mtDNA sequences (2006W6 and 2006W11) of S. verrucosus isolated from Java Island were difficult to distinguish from those of S. scrofa.
The mtDNA haplotypes of S. celebensis from Sulawesi Island formed a unique lineage that differed from the S. scrofa lineages in the NJ tree (Fig. 2) , although the support value was extremely low (20%). The nucleotide variation observed in 45 mtDNA haplotypes from Sulawesi Island is shown in Table 2 . The mtDNA haplotypes of S. celebensis were divided into three genetic groups, A, B, and C, with low bootstrap values (Table 2 and Fig. 2) . The geographical distribution of mtDNA haplotypes of S. celebensis was plotted on a map of the Sulawesi Islands in Fig. 3 . The haplotypes in group A were found from northern and south- Fig. 2 . Neighbor-joining (NJ) phylogenetic tree constructed using the 572-bp to 574-bp mtDNA control region. This tree includes 76 novel mtDNA haplotypes from Indonesia identified in this study and 81 previously reported haplotypes (Hongo et al. 2002; Ishiguro and Nishimura 2005; Ishiguro et al. 2008a) . Indonesian mtDNA haplotypes are the same as listed in Table 1 . Abbreviations of 81 mtDNA haplotypes J, viet and M indicate isolation place or origin of S. scrofa from Japan, Vietnam, and modern domestic pigs and wild boars from East and Southeast Asia, respectively. Bootstrap resampling was performed 1,000 times. Bootstrap probabilities are shown on corresponding branches. Numbers in parentheses indicate the bootstrap probabilities obtained by the MP method. Indonesian mtDNA haplotypes are indicated by species, sample collection site, and island. 
2008G1 A A C -T A C G T A C A T T A T C A T T T C G C A A A C A A C T A A T T C A A T C C T G G A T C T G A T T A C T G A C G C T C G C A 573
North and Southwest Sulawesi (A)
western Sulawesi, those in group B were found from southeastern Sulawesi, and those in group C were found from central and southeastern Sulawesi (Fig. 3) .
Discussion
In order to explore the genetic origin of domestic pigs, we have investigated the diversity of S. scrofa mtDNA sequences isolated from wild boars in Japan, Korea, China and Vietnam. In this study, we analyzed the mtDNA variation of domestic pigs and wild boars from Indonesian Islands. The NJ tree constructed with our data from Indonesian islands revealed that mtDNA haplotypes found in most S. scrofa wild boars from Sumatra and Java Islands, S. verrucosus from Java Island, and S. celebensis from Sulawesi Islands were different from those in the clade encompassing East and Southeast Asian domestic pig and wild boars (Fig. 2) . However, the mtDNA haplotypes from domestic pigs on Lombok and Timor Islands were closely related to or within clade comprising East and Southeast Asian domestic pigs and wild boars. These results suggest that major indigenous wild boars in Indonesia were genetically separated from the continental wild boars and domestic pigs, and they did not contribute to Asian S. scrofa domestication events.
Seven mtDNA haplotypes (2006E1, 2006E4, 2006E10, 2007E21, 2007E26, 2007E31, and 2009I3) found in wild boars from Java, Sumatra, Sumbawa, Flores, and New Guinea Islands were related to two Vietnamese mtDNA haplotypes (viet12 and viet31). Although the haplotypes were not identical, the close genetic relationship between mtDNA haplotypes from wild boars between Vietnam and Indonesia found in this study is valuable. Based on archeological and genetic evidence, Larson et al. (2007) reported that domestic pigs bearing Vietnamese mtDNA haplotypes were certainly introduced to several islands east of the Wallace Line, including Lombok, Sumbawa, Flores, Timor and New Guinea Islands, and the so-called wild boars isolated from these islands are most likely feral descendants of domestic pigs introduced by early human immigrants. Based on the mtDNA phylogenies of wild boars from Vanuatu of Micronesia, Lum et al. (2006) reported that wild boars with Vietnamese haplotypes had dispersed during the human colonization of Remote Oceania with the Lapita cultural complex. The human-mediated dispersal routes of domestic pigs on several islands of Micronesia and Polynesia are closely associated with the diffusion of Lapita culture in the Pacific region (Larson et al. 2007 ). Thus, the close genetic relationship among Vietnam, Java and Sumatra Islands, and the five islands east of the Wallace Line observed in this study may also be associated with the early human dispersals or cultural diffusions as proposed by the other studies (Larson et al. 2005 (Larson et al. , 2007 (Larson et al. , 2010 Lum et al. 2006) . Two mtDNA haplotypes (2006W6 and 2006W11) found in S. verrucosus were not distinct from those from S. scrofa, although only two samples from S. verrucosus were examined in this study. Two species, S. scrofa and S. verrucosus, live in close proximity in a small area on Java Island and have some morphological resemblance. It was recently reported that crossbreeding between S. verrucosus and S. scrofa occurred on Java Island (Semiadi and Nugraha 2009) . To clearly distinguish between S. verrucosus and S. scrofa, further genetic and morphological investigations would be required. Larson et al. (2005) reported that two mtDNA clades were found on Sulawesi Island; one clade was associated with a northern population, and the other was associated with a southern population. The existence of two clades of S. celebensis on the Sulawesi Island led Larson et al. (2005) to speculate that there were two independent invasions of wild boar onto the Sulawesi Islands. In this study, the mtDNA haplotypes of S. celebensis were divided into three mtDNA groups A, B, and C (Fig. 2) . Two mtDNA haplotypes, 2009SS1 and 2009SS4, belonging to the northern S. celebensis group A were detected in Makasar, located in the southwest (Fig. 3) . In addition to group A, the mtDNA haplotypes of S. celebensis group C were widely dispersed in the central and southeastern areas of Sulawesi Island, while those of S. celebensis group B were only found in the southeastern area. The mtDNA haplotype analysis of S. celebensis revealed that S. celebensis populations are genetically composed of at least three mtDNA groups, and the geographical distribution is characteristic on Sulawesi Island. In this study, an S. scrofa sample with the same mtDNA haplotype (2009K19) as an S. celebensis sample was isolated from New Guinea. The ancestor of this mtDNA haplotype might have also been introduced to New Guinea from Sulawesi by ancient peoples. Similarly, Larson et al. (2007) provided evidence for an early human-mediated translocation of S. celebensis to Flores and Timor Islands. Taken together, these observations indicate that human-mediated introgression of wild boars or domestic pigs onto neighboring islands was an important factor in establishing the current geographical distribution of Sus populations (Gongora et al. 2004) .
The phylogenetic study of mtDNA haplotypes of S. scrofa and other related species isolated from Indonesian islands revealed that mtDNA sequences of the S. scrofa populations from the Indonesian islands are extremely diverse. Molecular analyses of the origin and dispersal routes of domestic S. scrofa in and throughout Indonesia provide helpful information for understanding the activities and skills of ancient people, such as the domestication of pigs from wild boar and the subsequent introduction of livestock to neighboring islands. It is likely that the distribution throughout Pacific islands of current indigenous wild boars that are descendants of feral pigs is closely associated with dispersal of the Lapita cultural complex into Oceania (Lum et al. 2006; Larson et al. 2007) . Future genetic analysis of indigenous wild boars from each Indonesian Island may provide detailed information about human-mediated introgression or movement of domestic pigs.
